Electrodeposition in micromolds is an important step in processes such as LIGA, an acronym from the German words for lithography, electroforming and molding, for fabricating metallic microstructures. This paper investigates electrodeposition in sacrificial polymeric micromolds with a conducting base and plastic features that provide insulating sidewalls for electrodeposition of the desired metallic micropart. Computational models for the governing transport and electrochemical phenomena are used to simulate the evolution of the electrodeposition front. The effects of the applied voltage and micromold geometry are systematically studied for their influence on the resulting electrodeposition rate and the homogeneity of the fabricated microparts. Conditions that lead to desirable process and part quality are derived from the studies.
INTRODUCTION
Electrodeposition plays an important role in the fabrication of metallic microstructures via micromanufacturing techniques such as LIGA, an acronym from German words for lithography, electroforming and plastic molding. Lithographic techniques use a photoresist to produce the primary microstructure which is filled in another step by the electroforming process to make the negative pattern as a secondary structure out of metal. This metallic structure can be used directly for different applications or it can be placed as a mold insert in a plastic molding process for the replication of the primary structure in large quantities and low cost [1] . Micromanufacturing of metallic structures using the steps above mainly deals with electrodeposition in recessed areas and microtrenches, which is the focus of the present study.
Techniques such as potentiostatic and galvanostatic methods for studying electrodeposition on surfaces in macrosystems have been used by several authors to investigate electrodeposition in microsystems [1, 2] . Ding et al. [2] used cyclic voltammetry to study electrodeposition in microtrenches and concluded that the mechanism is completely different from that of conventional electroplating on a plain surface. In electroplating, mass transfer generally relies on convention, diffusion and electromigration or ion drift. For electrodeposition in microfeatures with high aspect ratio, the convective effect produced by fluid motion in the bath is negligible in comparison with diffusion effect [3] . Griffiths et al. [4] developed twodimensional numerical models for studying the effect of the buoyancy-driven flows on the ion transport enhancement in micro-scale features having very large aspect ratio. However, transient and moving boundary effects were neglected in that study. Chen and Evans [5] employed an arbitrary LagrangianEulerian (ALE) formulation coupled with repeated re-meshing and re-mapping technique to track the entire transient deposition process. The effect of hydrogen evolution reaction in electrodeposition in microtrenches has also been studied [4, [6] [7] [8] .
One particularly important aspect of electrodeposition in microfeatures is that the current density distribution is nonuniform and depends on the feature geometry. Chang et al. [9] experimentally studied the effects of the mold feature size on the plating rate, and reported that at low aspect ratios, mold cavities with smaller openings have higher current densities and, in turn, a higher plating rate. Current density varies through time when a microtrench fills gradually, which results in each deposition layer having a different plating rate. At the end of a microcavity fill, the current density is higher along the edges of the microcavity opening than that at the center of the trench. These variations of the current density and deposition rate translate to a variation of the mechanical properties (e.g. Young's modulus, stress level and hardness). For example, Yeh et al. [10] studied the effects of current density on the nanomechanical properties of Ni-Fe mold insert and found that higher current densities resulted in finer grains of the NiFe alloy, which exhibited higher hardness.
For specific mold geometry, therefore, it is desirable to have a uniform plating rate during electrodeposition so as to obtain uniform mechanical properties. Uniform deposition rate on all points of the cathode surface also makes a flat deposition front and decreases the amount of overplating at the end of the electrodeposition process. Relatively few investigations are found 2
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in the open literature on the effects of process parameters on the extent of overplating. Guo et al. [11] modeled metal growth across the top of the resist mold, although the effects of the current density and the microcavity geometry on the overplating were not studied.
The goal of the present study is to present a systematic investigation of the effects of the applied voltage and microtrench geometry on the electrodeposition rate (equivalently electrodeposition time) and extent of nonuniformity of the plating resulting in an overfill at the end of the microtrench filling process. Based on the studies, limits on applied voltage and optimum voltage are derived as function of the microtrench geometry. The article is organized as follows: The mathematical modeling and the numerical simulation procedure are described in the next section, followed by a presentation and discussion of the results of the study. Figure 1 shows a schematic of the two-dimensional rectangular microtrench geometry of width, W, and height, H, and the electrodeposition bath of height, H b , and width outside of the microtrench, L b , considered in the study. As shown in the figure, anode with reference voltage V = 0 V, covers the entire top surface of the bath and the cathodic deposition surface is considered to be at the bottom surface of the trench, where a constant voltage V = -V 0 is applied during the electrodeposition process. All other surfaces shown by the hatched lines in the figure are insulated. The origin of the coordinate system is positioned coincident with center of the top surface of the trench, as indicated in Fig. 1 . By virtue of symmetry of the geometry domain and the applied boundary conditions, only one half of the domain on one side of the axis of symmetry is considered for the modeling. The effect of the microtrench geometry was studied by varying the height (H) and width (W) for the trench, while keeping the bath dimensions, L b and H b , constant at 0.5 cm and 1 cm, respectively.
MATHEMATICAL MODEL
The electrolyte system considered is a nickel sulfate bath consisting of Ni 2+ and SO 4 2- , could potentially affect the nickel ion concentration. However, in this investigation, the bath pH is assumed to be maintained below 4, for which the concentration of Ni(OH) + is negligible and is not considered in the analysis [5] .
The goal of this modeling is to predict the concentration distribution of the species in the bath and the current density distribution so as to obtain the evolution of the deposition surface with time during the process. Since the physical domain for the computation changes with time along with the moving electrodeposition front, a moving mesh scheme is used for the solution. The problem formulation and solution scheme are discussed in the following subsections.
Model Formulation
The transport and mass balance of dissolved species, Ni
2+
and SO ସ ଶି , are governed by:
where c 1 is the concentration of Ni 2+ and c 2 is the concentration of SO ସ ଶି , r i is the homogeneous reaction rate for each species which can be neglected when bath pH is below 4, N i is the total mass flux vector of the ionic species i, composed of three separate terms denoting for the diffusion, electromigration and convection flux as follow:
in which ‫ݑ‬ and ߶ in the electromigration term stand for ion mobility and bath potential, respectively; the former is usually approximated as ‫ݑ‬ ൌ ோ் [4] . In this work, the convective effect, the third term in Eq. (2), is neglected by considering zero velocity, u, for the bath fluid. Considering mentioned assumptions and using the definition of N i given by Eq. (2), Eq. (1) can be written as
Further, the electroneutrality of the bath is governed by the following relationship:
Multiplying Eq. (3) by ‫ݖ‬ ‫ܨ‬ and then summing over the two species, it follows that: By taking the time derivative of the electroneutrality condition, Eq. (4), it can be shown that the first term in Eq. (5) is zero and the conservation of electric charge is obtained as:
Equations (3) and (6) constitute the system of coupled equations to solve for the three unknowns: concentration of Ni 2+ , c 1 , and SO ସ ଶି , c 2 , and the electric potential of the bath, ߶.The equations are solved subject to the following boundary conditions: (a) along the anode surface, molar concentration of Ni 2+ is fixed at its initial values (c 0 = 0.00126 mol/ cm 3 ) and the electric potential is set to zero to establish its datum; (b) insulation boundary condition is applied along the symmetry boundary, side walls of the bath and trench and on the bottom surface of the bath; and (c) along the moving cathodic deposition surface at the bottom of the trench, nickel reduction flux and normal current density are calculated using following equations:
Equation (7) is the Butler-Volmer kinetic expression in which k Ni , β Ni , U 0,Ni , α a,Ni and α c,Ni are, respectively, the rate constant, reaction order, thermodynamic open-circuit potential, anodic and cathodic transfer coefficients; and V 0 is the magnitude of the external voltage applied to the cathodic deposition surface.
Moving Mesh Formulation
The moving computational domain during electrodeposition was modeled using the arbitrary Lagrangian-Eulerian (ALE) method [12] which is briefly outlined here. If x(߬) is considered as the points of the reference domain at time τ, while the points of the moving domain at a later time t are denoted by x(t) then it is possible to associate a trajectory to each point x(߬) of the domain at time τ according to ሺ‫ݐ‬ሻ ൌ ఛ ሺሺ߬ሻ, ‫ݐ‬ሻ
where ఛ ሺሺ߬ሻ, ‫ݐ‬ሻ is the mapping function from the domain points at time τ to the same points at a later time, t. The domain velocity, v, is defined as the time derivative of x(t)
from which, omitting the error term ሺ‫ݐ‬ െ ߬ሻ and using Eq. (9) a linear approximation for is obtained as follow:
Knowing the domain velocity and coordinates at time τ, Eq.
(11) can be used to find domain coordinates at a later time t. In this modeling, the domain velocity is determined by the normal velocity of the deposition front as follows:
where, ‫ܬ‬ ே is the rate of nickel ion reduction at the cathode surface obtained from the Butler-Volmer kinetic expression, Eq. (7). Equations 9-11 describe the main formulations for the arbitrary Lagrangian-Eulerian method. If the mesh displacement becomes large and the mesh quality degrades, the domain is remeshed and all solution variables are mapped from the old mesh to the new one. This process is continued until the microtrench is filled. Equations (12) is used to couple the NernstPlank formulation, Eqs. (3) and (6), and the moving mesh formulation, Eqs. (11) .
Boundary conditions for the moving mesh modeling are: (a) the mesh displacements along the left and right side walls of the trench and bath are fixed to zero in the x direction; (b) the mesh displacement along the bottom surface of the bath is fixed to zero in the y direction; (c) mesh displacement is restricted in both x and y directions along the top boundaries of the trench and bath in the first and second steps of the solution respectively; and (d) along the moving deposition surface, the normal velocity is obtained from Eq. (12) .
Method of Solution
The model formulation described was implemented in the commercial software, COMSOL. An initial concentration, c 0 = 0.00126 mol/cm 3 , was considered for both Ni 2+ and SO ସ ଶି ions.
Considering 40 °C for the bath temperature, the other parameters used in the computation are [5] Modeling was performed in two different steps: in the first step, structured and unstructured rectangular mesh was applied in the trench and bath domain respectively. For reducing computational cost, moving mesh formulation was used only in the trench and a fixed mesh structure was considered in the bath. For the second step, the solution was stopped when the trench was about to fill and a new geometry was created from the deformed mesh. The final solution from the first step was mapped to the new geometry. Advancing front triangular mesh and moving mesh application mode were applied in all domain for the second step. Gradual mesh refinement was performed for both two steps to make the results independent of the mesh refinement.
RESULTS AND DISCUSSION
The numerical model was validated with the computational results of Chen and Evans [5] on electrodeposition in 1mm×1mm (wide) and 1mm×0.2 mm (narrow) trenches, with an applied potential at the cathode, V = -0.6 V. simulation, while the markers correspond to the data reported in ref. [12] . For the case of the narrow trench, the electrodeposition is completed in about 16 h, and the current density is spatially uniform that the curves for the centerline and the sidewall locations are mutually indistinguishable. For the deposition in the wider trench, the current density variation is seen to be spatially nonuniform, with a higher value toward the sidewalls, that is particularly evident near the end of the process. Figure 2 further shows the effect of the mold geometry on the current density in microelectrodeposition process, that micromold cavities with smaller openings have higher current densities and are accompanied by a higher plating rate. In all cases, the present simulations are seen to be in close agreement with the results of Chen and Evans [12] .
Based on the validated computational model, the effects of the trench geometry and the applied voltage at the cathode, -V 0 , on the deposition rate and overplating amount were studied by systematically varying the trench height and width. Table 1 summarizes the five cases studied, where the microtrench aspect ratio (H/W) ranges from 0.2 to 10. For each geometry, a maximum applied voltage (magnitude), V 0,max , is also listed in Table 1 based on consideration of the limiting current density, corresponding to the limitation on the rate of diffusion of nickel to the electrode; increasing the applied voltage further (in magnitude) will not increase the current density, and in turn, the electrodeposition process further. Since ion diffusion in deep and narrow trenches with high aspect ratio is more difficult, they are seen to have a smaller V 0,max in Table 1 .
The time-evolution of the electrodeposition front for filling a trench of width, W = 100 µm, and height, H = 1000 µm (Case 1 in Table 1 ), at five different applied voltages, is shown in Figs. 3(a)-(e) . For all voltages, process starts by a flat deposition front and then proceeds to form curved surfaces corresponding to the variation of current density across the trench width. The simulation was carried out until the trench filled completely across the entire width of the trench. Since the current density is not uniform across the width, the deposition rate and the deposition front are correspondingly nonuniform. As a result, a certain extent of overplating is necessary in each of the cases, to achieve complete cavity fill. The times shown below the topmost electroplating front in Figs. 3(a) -(e) are the filling times, including the overplating. Increasing the magnitude of the applied voltage reduces the fill time (from 26.72 hr for V 0 = 0.35 V to 12.56 hr for V 0 = 0.65V) due to an increase in the average current density, but leads to an enhanced surface curvature and overplating amount, owing to the greater nonuniformity in the current density variation at the higher magnitudes of the applied voltages. Copyright © ASME 2010 Figure 4 shows the evolution of the electrodeposition front in a square microtrench of W = H = 100 µm (Case 3 in Table  1 ), for five different magnitudes of the applied voltage in Figs.  4(a) -(e). Once again, the fill time is seen to decrease with increasing voltage magnitude at the cathode, as in Fig. 3 ; however, the nonuniformity of the electroplatingfront is amplified In this case relative to Fig. 3 , as clearly evident in Figs. 4(a) -(e). This suggests that trenches with smaller height have a more nonuniform current density across the trench width, which leads to a more curved deposition front. The filling time is seen to decrease considerably as the applied voltage magnitude is increased from 0.50 V to 0.70 V, but is relatively less influenced by the voltage for values greater than 0.70 V in magnitude. Figure 5 presents the electrodeposition in a microtrench of width 500 µm and height 100 µm (Case 5 in Table 1 ), for five different magnitudes of the applied voltage. The general trends with respect to the nonuniformity of the electrodeposition front and fill time are similar to those in Fig. 4 ; however, a relatively large nonuniformity in the electrodeposition front as well as the extent of overplating is noted in comparison to the case in Fig. 4 . A comparison of Figs. 3-5 reveals that, in general, the onset of a curved deposition front is sooner as the trench aspect ratio (H/W) decreases, owing to a more rapid consumption of the nickel ions in the parts of the deposition surface with higher current density, which prevents applying high voltage for the trenches with very small aspect ratios due to the lack of nickel ion in some parts of the deposition surface. This explains sudden decrease of V 0,max for the trench with 0.2 aspect ratio in Table 1 .
Furthermore, it is evident from a comparison of Figs. 4 and 5 that for the shallow trench geometries, the filling time decreases considerably with increasing voltage initially, but remains relatively less influenced by the voltage for greater voltage magnitudes. For example, in Fig. 5 , although the voltage is increased from 0.65 V to 0.75 V, the fill time remains about 1.15 h. This shows the conflicting effect of the voltage on the filling time and surface curvature; on the one hand, increasing the magnitude of the applied voltage tends to decrease filling time but on the other hand, it increases surface curvature and, in turn, the overplating amount and time. The extent of overplating at the end of fill is an important consideration from the manufacturing viewpoint, in that the excess plating that is needed to completely fill the microtrench is often removed in a secondary processing step of lapping or other means of removal so as to get a flat finished product. It is, therefore, desirable to minimize or ideally eliminate the overplating at the end of fill. Toward analyzing the effect of the microgeometry and plating voltage on the overplating, the overplating amount was quantified in this study as the ratio of the excess volume of the plating at the fill time to the microtrench cross sectional area, to obtain an equivalent overplating height, h 0 . 
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Copyright © ASME 2010 Figure 6 shows the effect of the external voltage on the trench filling time [ Fig. 6(a)] and overplating height [Fig.  6(b) Table 1 , having the same microtrench width (W = 100 µm) but varying microtrench height. To facilitate comparison among these three cases, the plots are presented based on the difference between the magnitudes of the respective maximum voltage and the applied voltage, V 0,max -V 0 . It is seen in Fig. 6 that for a given trench height, H, the fill time t fill decreases [ Fig. 6(a) ] while the overplating height h o increases [ Fig. 6(b) ] with increasing external voltage, V 0 . Figure 6(a) further shows that the fill time increases considerably with increasing trench height, and that the increase is greater than the increased microtrench volume to be filled; for example, at the smallest applied voltage in the respective cases, even though the ratio of the microtrench volume is only 10, the ratio of their fill times is seen to be about 25, owing to the smaller deposition rate for the taller (high aspect ratio) trench. The overplating height, h o , on the other hand is seen to decrease with increasing trench height, owing to the greater uniformity of current density across the trench width for the taller trenches, as discussed in Figs. 3-5 . Figure 7 demonstrates the effect of the applied voltage, expressed as V 0,max -V 0 , on the fill time [ Fig. 7(a) ] and overplating height [ Fig. 7(b) ], for Cases 3-5 in Table 1 which have the same microtrench height (H = 100 µm), but different microtrench width, W. The qualitative trends with respect to the Figure 7(a) shows that the fill time increases with increasing width as expected, but the increase is less than proportionate to the increase in the microtrench volume, owing to the fact that trenches with smaller opening size have higher current density and deposition rate. For example, although volume of the microtrench in Case 5 is 5 times larger than that in Case 3, the ratio of the fill time of Case 5 to that of Case 3 is less than 5 at all applied potentials. Similarly, the fill time ratio is less than the volumetric ratio of 2.5 for Case 4 relative to Case 3. Figure 7(b) shows that the overplating height decreases with a decrease in the applied voltage, V 0 , and that a smaller trench width results less overplating, as explained in the discussion of Figs. 4 and 5 . From a comparison of Figs. 6 and 7, it is interesting to note that although the microtrench volume for Cases 2 (H = 500 µm and W = 100 µm) and 5 (H = 100 µm and W = 500 µm) is the same, the taller trench in Case 2 takes about 3.5 to 4.37 times longer than Case 5 to fill, over the range of applied voltage studied, since the increased trench height in Case 2 provides a greater resistance to transport of nickel ions to the deposition surface, and correspondingly decreases the current density, which leads to increased fill time. The corresponding comparison on the overplating height shows that the wider trench (Case 5) has significantly more -by about 7-11 times -overplating than in Case 2.
The results indicate that a higher applied voltage leads to a reduction in the fill time, whereas smaller applied voltages are preferred from the viewpoint of minimizing the amount of overplating. It is desirable to determine the optimum voltage, for a given microtrench geometry, that minimizes the fill time and the overplating simultaneously. To this end, a dimensionless fill time and overplating height, ‫ݐ‬ ‫כ‬ and ݄ ‫כ‬ respectively, were defined as follows:
where V 0,min is the minimum applied voltage, which equals V 0,max -0.30 V in all the cases studied. As defined, the applied voltage magnitude, V 0 , which maximizes the product ‫ݐ‬ the figures. As Fig. 6 shows, for the microtrench height, H = 1000 µm (Case 1 in Table 1 ), the overplating amount remains relatively insensitive to the applied voltage for V 0,max -V 0 exceeding about 0.05 V and has a sharp increase for V 0,max -V 0 below 0.05 V, Whereas the applied voltage has a noticeable effect on the fill time over the entire range studied. Consequently, the optimum applied voltage for Case 1 is kept as high as possible based on minimizing the fill time, and is seen to be such that V 0,max -V 0 = 0.05 V at which point the overplating height sharply increases with further increase in V 0 in Fig.  6 . Table 2 summarizes optimum applied voltage and the corresponding optimum fill time and overplating height for the five different microgeometries studied. As expected, the optimum fill time increases with increasing trench height (Cases 1-3 in Table 2 ) but since optimum potential in Case 1 is nearer to its maximum potential in comparison with Case 2, overplating height increases slightly from H equal to 500 µm to 1000 µm. In the cases involving varying microtrench height for a fixed width, the overplating height is limited to within about 1.4 µm, and the optimum fill time is within about 14 hr. Cases 3-5 demonstrate that for a fixed microtrench height, both the optimum fill time and the optimum overplating height increase with increasing microtrench width; for the widest microtrench (Case 5 in Table 2 ), the optimal overplating height is limited to about 10.5 µm, with a corresponding optimal fill time of about 1.25 hr. Figure 8 and Table 2 demonstrated optimal electrodeposition processing conditions (in terms of the applied voltage) for simultaneously minimizing the fill time and the overplating height. An alternative design requirement may be that of limiting the overplating height to within an allowable value. From Figs. 6(b) and 7(b), it is evident that a limit on a maximum allowable overplating height corresponds to a lower bound on V 0,max -V 0 , denoted as (V 0,max -V 0 ) min , or equivalently, a maximum value of the applied voltage. Considering an example of limiting the maximum allowable overplating to 1 µm, Fig. 9 illustrates the variation of (V 0,max -V 0 ) min as a function of the microtrench height, H, based on the results in Fig. 6 . Also plotted in Fig. 9 is the variation of the fill time with the microtrench height, based on the applied voltage according to the (V 0,max -V 0 ) min . It is seen that (V 0,max -V 0 ) min decreases, equiva lently, the maximum allowable applied voltage increases with increasing trench height, and the corresponding fill time increases based on the design criterion of keeping the overplating height to within 1 µm.
The results in this section elucidated the effects of the microtrench geometry and the applied voltage on the overplating and fill time and presented two example design scenarios.
Other design criteria as well as the effects of using a timevarying cathode voltage with the objective of reducing processing time and improving quality of the deposition process may be considered in a future study.
CONCLUSIONS
The electrodeposition process in microtrenches was studied numerically to investigate the effects of the applied voltage and micromold geometry on the deposition rate and overplating amount. These results showed that increasing the applied voltage results in reduced electroplating time, but a greater spatial nonuniformity of the current density which, in turn, leads to increased overplating at the end of fill. The plating time increased and the overplating amount decreased with increasing microtrench height, for a fixed trench width, whereas for a fixed trench height, the plating time as well as the overplating amount increased with increasing trench width. Based on the results, optimum applied potential was determined as a function of the trench geometry for a combined objective of minimizing plating time and the overplating amount, as well as for designs that call for limiting the overplating height to a desired limit. 
